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(57) ABSTRACT

Embodiments of an invention for logging in secure enclaves
are disclosed. In one embodiment, a processor includes an
instruction unit and an execution unit. The instruction unit is
to receive an instruction having an associated enclave page
cache address. The execution unit is to execute the instruction
without causing a virtual machine exit, wherein execution of
the instruction includes logging the instruction and the asso-
ciated enclave page cache address.
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1
LOGGING IN SECURE ENCLAVES

BACKGROUND

1. Field

The present disclosure pertains to the field of information
processing, and more particularly, to the field of security in
information processing systems.

2. Description of Related Art

Confidential information is stored, transmitted, and used
by many information processing systems. Therefore, tech-
niques have been developed to provide for the secure han-
dling and storing of confidential information. These tech-
niques include various approaches to creating and
maintaining a secured, protected, or isolated partition or envi-
ronment within an information processing system.

BRIEF DESCRIPTION OF THE FIGURES

The present invention is illustrated by way of example and
not limitation in the accompanying figures.

FIG. 1 illustrates a system including logging in secure
enclaves according to an embodiment of the present inven-
tion.

FIG. 2 illustrates a secure enclave unit according to an
embodiment of the present invention.

FIG. 3 illustrates a method for logging in secure enclaves
according to an embodiment of the present invention.

DETAILED DESCRIPTION

Embodiments of an invention for logging in secure
enclaves are described. In this description, numerous specific
details, such as component and system configurations, may
be set forth in order to provide a more thorough understanding
of the present invention. It will be appreciated, however, by
one skilled in the art, that the invention may be practiced
without such specific details. Additionally, some well-known
structures, circuits, and other features have not been shown in
detail, to avoid unnecessarily obscuring the present invention.

In the following description, references to “one embodi-
ment,” “an embodiment,” “example embodiment,” “various
embodiments,” etc., indicate that the embodiment(s) of the
invention so described may include particular features, struc-
tures, or characteristics, but more than one embodiment may
and not every embodiment necessarily does include the par-
ticular features, structures, or characteristics. Further, some
embodiments may have some, all, or none of the features
described for other embodiments.

Asused in the claims, unless otherwise specified the use of
the ordinal adjectives “first,” “second,” “third,” etc. to
describe an element merely indicate that a particular instance
of'an element or different instances of like elements are being
referred to, and is not intended to imply that the elements so
described must be in a particular sequence, either temporally,
spatially, in ranking, or in any other manner.

Also, the terms “bits,” “flags,” “fields,” “entries,” etc., may
be used to describe any type of storage location in a register,
table, database, or other data structure, whether implemented
in hardware or software, but are not meant to limit embodi-
ments of the invention to any particular type of storage loca-
tion or number of bits or other elements within any particular
storage location. The term “clear” may be used to indicate
storing or otherwise causing the logical value of zero to be
stored in a storage location, and the term “set” may be used to
indicate storing or otherwise causing the logical value of one,
all ones, or some other specified valueto be stored in a storage

20

25

30

40

45

50

2

location; however, these terms are not meant to limit embodi-
ments of the present invention to any particular logical con-
vention, as any logical convention may be used within
embodiments of the present invention.

As described in the background section, various
approaches to creating and maintaining a secured, protected,
or isolated partition or environment within an information
processing system have been developed. One such approach
involves secure enclaves as described in the co-pending U.S.
Patent Application entitled “Method and Apparatus to Pro-
vide Secure Application Execution,” filed Jun. 19, 2012, Ser.
No. 13/527,547, which is hereby incorporated by reference as
an example of at least one embodiment of a secure enclave.
However, the incorporated reference is not intended to limit
the scope of embodiments of the invention in any way and
other embodiments may be used while remaining within the
spirit and scope of the invention.

FIG. 1 illustrates system 100, an information processing
system including paging in secure enclaves according to an
embodiment of the present invention. System 100 may rep-
resent any type of information processing system, such as a
server, a desktop computer, a portable computer, a set-top
box, a hand-held device, or an embedded control system.
System 100 includes processor 110, system memory 120, and
information storage device 130. Systems embodying the
present invention may include any number of each of these
components and any other components or other elements,
such as information storage devices, peripherals, and input/
output devices. Any or all of the components or other ele-
ments in this or any system embodiment, may be connected,
coupled, or otherwise in communication with each other
through any number of buses, point-to-point, or other wired
or wireless interfaces or connections, unless specified other-
wise.

System memory 120 may be dynamic random access
memory or any other type of medium readable by processor
110. Information storage device 130 may include any type of
persistent or non-volatile memory or storage, such as a flash
memory and/or a solid state, magnetic, or optical disk drive.

Processor 110 may represent one or more processors inte-
grated on a single substrate or packaged within a single pack-
age, each of which may include multiple threads and/or mul-
tiple execution cores, in any combination. Each processor
represented as processor 110 may be any type of processor,
including a general purpose microprocessor, such as a pro-
cessor in the Intel® Core® Processor Family, Intel® Atom®
Processor Family, or other processor family from Intel® Cor-
poration, or another processor from another company, or a
special purpose processor or microcontroller. Processor 110
may include instructionunit 111, execution unit 112, process-
ing storage 113, interface unit 114, processor control unit
115, cache unit 116, and secure enclave unit 117. Processor
110 may also include any other circuitry, structures, or logic
not shown in FIG. 1, and/or any circuitry, structures, or logic
shown or described as elsewhere in FIG. 1.

Instruction unit 111 may represent any circuitry, structure,
or other hardware, such as an instruction decoder, for fetch-
ing, receiving, decoding, and/or scheduling instructions. Any
instruction format may be used within the scope of the present
invention; for example, an instruction may include an opcode
and one or more operands, where the opcode may be decoded
into one or more micro-instructions or micro-operations for
execution by execution unit 112.

Execution unit 112 may include any circuitry, structure, or
other hardware, such as an arithmetic unit, logic unit, floating
point unit, shifter, etc., for processing data and executing
instructions, micro-instructions, and/or micro-operations.
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Processing storage 113 may represent any type of storage
usable for any purpose within processor 110; for example, it
may include any number of data registers, instruction regis-
ters, status registers, configuration registers, control registers,
other programmable or hard-coded registers or register files,
or any other storage structures.

Interface unit 114 may represent any circuitry, structure, or
other hardware, such as a bus unit, messaging unit, or any
other unit, port, or interface, to allow processor 110 to com-
municate with other components in system 100 through any
type of bus, point to point, or other connection, directly or
through any other component, such as a memory controller or
a bus bridge.

Processor control unit 115 may include any logic, micro-
code, circuitry, or other hardware to control the operation of
the units and other elements of processor 110 and the transfer
of data within, into, and out of processor 110. Processor
control unit 115 may cause processor 110 to perform or
participate in the performance of method embodiments of the
present invention, such as the method embodiments
described below, for example, by causing processor 110 to
execute instructions received by instruction unit 111 and
micro-instructions or micro-operations derived from instruc-
tions received by instruction unit 111.

Cache unit 116 may represent any one or more levels of
cache memory in a memory hierarchy of information pro-
cessing system 100, implemented in static random access
memory or any other memory technology. Cache unit 116
may include any combination of cache memories dedicated to
or shared among any one or more execution cores or proces-
sors within processor 110 according to any known
approaches to caching in information processing systems.

Secure enclave unit 117 may represent any logic, circuitry,
hardware, or other structures for creating and maintaining a
secured, protected, or isolated environment, such as a secure
enclave as described herein, in which an application or other
software may run, execute, be loaded, or otherwise be present
within an information processing system such as system 100.
For purposes of this description, each instance of such an
environment may be referred to as a secure enclave, although
embodiments of the present invention are not limited to those
using a secure enclave as the secured, protected, or isolated
environment. In one embodiment, a secure enclave may be
created and maintained using instructions in the instruction
set of a processor in the Intel® Core® Processor Family or
other processor family from Intel® Corporation.

FIG. 2 illustrates secure enclave unit 200, an embodiment
of' which may serve as secure enclave unit 117 in system 100.
All or part of secure enclave unit 200 may be included within
any one or more other units of processor 110, such as instruc-
tion unit 111, execution unit 112, processor storage 113,
processor control unit 115, and cache unit 116.

Secure enclave unit 200 may include encryption unit 210,
which may include any logic, circuitry, or other hardware to
execute any one or more encryption algorithms and the cor-
responding decryption algorithms, and may include logic,
circuitry, or other hardware shared with another encryption
unit in processor 110.

Secure enclave unit 200 may also include enclave page
cache (EPC) 220. In one embodiment, EPC 220 may be a
dedicated portion of cache unit 116, such as a portion of a last
level cache. Other embodiments are possible, including
embodiments in which all or part of EPC 220 may be outside
of processor 110. EPC 220 may be used to store unencrypted
code and data for one or more secure enclaves. Access control
logic 214, range register(s) 216, and EPC map (EPCM) 218
may be used to prevent access to a page within EPC 220
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4

except by an application running on processor 110 within the
secure enclave to which the page is allocated.

Secure enclave unit 200 may also include EPC paging unit
230. EPC paging unit 230 may include any logic, circuitry, or
other hardware to provide for moving pages out of and into
EPC 220 according to embodiments of the present invention.
EPC paging unit 230 may include microcode, logic, circuitry,
and/or other hardware to decode and execute an EWB instruc-
tion, an ELD instruction, and an EPA instruction.

These instructions may be used by an operating system or
other software to manage EPC 220 and provide a virtual
memory space for use by one or more secure enclaves that is
larger than the size of EPC 220. An EWB instruction may be
used to evict a page from EPC 220 to system memory 120. An
ELD instruction may be used to load a page from system
memory 120 into EPC 220. An EPA instruction may be used
to allocate a special EPC page, called a version array page, on
which to store version information for evicted pages.

Secure enclave unit 200 may also include EPC memory
management unit (MMU) 240. EPC MMU 240 may include
microcode, logic, circuitry, and/or other hardware to decode
and execute an EADD instruction, an EAUG instruction, an
EMOD instruction, an EACCEPT instruction, and an
EREMOVE instruction. These instructions may be used by an
operating system and/or other software dynamically increase
and decrease the size of the memory space in EPC 220 allo-
cated to one or more secure enclaves.

An EADD instruction is a privileged instruction that may
be used by an operating system to allocate a page in EPC 220
to a secure enclave. Unlike the allocation of a page using an
EAUG instruction, allocation of a page using an EADD
instruction does not involve the acceptance of the allocation
by the secure enclave using an EACCEPT instruction. An
EAUG instruction is a privileged instruction that may be used
by an operating system to allocate an unmeasured, zeroed
page in EPC 220 to an existing secure enclave. An EMOD
instruction is a privileged instruction that may be used by an
operating system to modify the access rights or type associ-
ated with a previously allocated page in EPC 220. An EAC-
CEPT instruction is an unprivileged instruction that may be
used by an application inside a secure enclave to confirm
changes made to the access rights or type of a page in EPC
220. An EREMOVE instruction is a privileged instruction
that may be used by an operating system to de-allocate a page
in EPC 220 from a secure enclave.

Secure enclave unit 200 may also include EPC logging unit
250. EPC logging unit 250 may include any microcode, logic,
circuitry, or other hardware to provide for logging according
to embodiments of the present invention. In one embodiment,
the microcode or other control logic for certain instructions
causes logging to be performed when the instruction is
executed by guest software running in a virtual machine
(VM), instead of causing a VM exit. The instructions for
which logging is performed include instructions that are
related to the creation of, memory management in, and pag-
ing in secure enclaves. For example, the instructions may
include ECREATE, EADD, EREMOVE, EAUG, EMOD,
ELD, EWB, and EPA. Therefore, embodiments of the present
invention may provide for a virtual machine monitor (VMM)
to monitor the memory management and paging activities of
its guest software with improved performance gained by
reducing the number of transfers of control between the guest
and the VMM.

In one embodiment, logging is performed, for each instruc-
tion that references EPC 220, by writing certain information
to a page (e.g., log page 122) in system memory 120. The
address of log page 122 is specified in an entry (e.g., entry
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125) in the VM control structure (e.g., VMCS 124) of the VM
in which the guest is running, and log page 122 is accessible
to the VMM. Therefore, the VMM may have a record of EPC
references so it may later perform updates to its internal data
structures based on the logged information rather than requir-
ing a VM exit for each reference.

The information logged for each instruction may include
the instruction (or leaf) and the EPC address associated with
the instruction. Further information may be logged depend-
ing on the instruction. For example, for ECREATE, EADD,
EAUG, EMOD, ELD, and EPA, the page type may be logged.
For ECREATE, the state of the debug flag in the secure
enclave control structure (SECS) may be logged. For EADD,
EAUG, and ELD, the SECS host physical address (HPA) may
be logged.

The information may be logged in any desired format on
log page 122. For example, each log entry may be 128 bits,
where the instruction, the EPC address, and the page type are
stored in an instruction field, an EPC address field, and a page
type field, respectively, in bits 63:0. Other instruction-depen-
dent information (e.g., pagetype, debug flag, and SECS HPA)
may be stored in one or more instruction-dependent fields in
bits 127:64.

FIG. 3 illustrates method 300 for logging in secure
enclaves according to an embodiment of the present inven-
tion. Although method embodiments of the invention are not
limited in this respect, reference may be made to elements of
FIGS. 1 and 2 to help describe the method embodiment of
FIG. 3. Note that all of method 300 between and including
blocks 320 and 370 may occur in a virtual machine without a
VM exit.

In box 310, a VM entry is performed to transfer control of
processor 110 from a VMM running outside a VM to a guest
operating system running inside the VM.

In box 320, creation of a secure enclave in the virtual
machine may begin, for example, by the guest operating
system using an ECREATE instruction. In box 322, the
ECREATE instruction, the associated EPC address, the page
type, and the debug flag are logged. In box 324, pages in EPC
220 may be allocated to the secure enclave, for example, by
the guest operating system using an EADD instruction. Inbox
326, the EADD instruction, the associated EPC address, the
page type, and the SECS HPA are logged. In box 328, the
secure enclave may be initiated, for example by the guest
operating system using an EINIT instruction.

In box 330, a guest application may enter the secure
enclave, for example by using an EENTER instruction. In box
332, the guest application in the secure enclave may request
additional memory space in EPC 220. In box 334, the guest
operating system may use and EAUG instruction to allocate a
first page in EPC 220 to the guest application. In box 336, the
EAUG instruction, the associated EPC address, the page type,
and the SECS HPA are logged. In box 338, the guest appli-
cation in the secure enclave may confirm the allocation using
an EACCEPT instruction.

In box 340, the guest operating system may use an EPA
instruction to allocate a second page in EPC 220 as a version
array page. In box 342, the EPA instruction, the associated
EPC address, and the page type are logged. In box 344, the
guest operating system may use an EWB instruction to page
a third page out of EPC 220. In box 346, the EWB instruction
and the associated EPC address are logged.

In box 350, the guest operating system may use an ELD
instruction to page a fourth page into EPC 220. In box 352, the
ELD instruction, the associated page type, and the SECS HPA
are logged.
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Inbox 360, the guest application in the secure enclave may
request the guest operating system to free a fifth page in EPC
220. In box 362, the guest operating system may use an
EMOD instruction to de-allocate the fifth page from the guest
application. Inbox 364, the EMOD instruction, the associated
EPC address, and the page type are logged. In box 366, the
guest application may use an EACCEPT instruction to con-
firm the allocation.

In box 370, the guest application may continue to execute
in the secure enclave.

In box 380, control may be transferred to the VMM as the
result of a VM exit. In box 382, the VMM may use the logged
information to update its internal data structures.

In various embodiments of the present invention, the
method illustrated in FIG. 3 may be performed in a different
order, with illustrated boxes combined or omitted, with addi-
tional boxes added, or with a combination of reordered, com-
bined, omitted, or additional boxes. Furthermore, many other
method embodiments are possible within the scope of the
present invention.

Embodiments or portions of embodiments of the present
invention, as described above, may be stored on any form of
a machine-readable medium. For example, all or part of
method 300 may be embodied in software or firmware
instructions that are stored on a medium readable by proces-
sor 110, which when executed by processor 110, cause pro-
cessor 110 to execute an embodiment of the present inven-
tion. Also, aspects of the present invention may be embodied
in data stored on a machine-readable medium, where the data
represents a design or other information usable to fabricate all
or part of processor 110.

Thus, embodiments of an invention for logging in secure
enclaves have been described. While certain embodiments
have been described, and shown in the accompanying draw-
ings, it is to be understood that such embodiments are merely
illustrative and not restrictive of the broad invention, and that
this invention not be limited to the specific constructions and
arrangements shown and described, since various other modi-
fications may occur to those ordinarily skilled in the art upon
studying this disclosure. In an area of technology such as this,
where growth is fast and further advancements are not easily
foreseen, the disclosed embodiments may be readily modifi-
able in arrangement and detail as facilitated by enabling tech-
nological advancements without departing from the prin-
ciples of the present disclosure or the scope of the
accompanying claims.

What is claimed is:

1. A processor comprising:

an instruction unit to receive an instruction having an asso-

ciated enclave page cache address; and

an execution unit to execute the instruction without causing

a virtual machine exit, wherein execution of the instruc-
tion includes logging the instruction and the associated
enclave page cache address.

2. The processor of claim 1, wherein execution of the
instruction also includes evicting a page from the enclave
page cache.

3. The processor of claim 1, wherein execution of the
instruction also includes creating a secure enclave.

4. The processor of claim 3, wherein execution of the
instruction also includes logging an associated page type and
a debug flag.

5. The processor of claim 1, wherein execution of the
instruction also includes allocating a page in the enclave page
cache to a secure enclave.
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6. The processor of claim 5, wherein execution of the
instruction also includes logging an associated page type and
an address of a control structure for the secure enclave.

7. The processor of claim 1, wherein execution of the
instruction also includes allocating a page in the enclave page
cache as a version array page.

8. The processor of claim 7, wherein execution of the
instruction also includes logging an associated page type.

9. The processor of claim 1, wherein execution of the
instruction also includes loading a page into the enclave page
cache.

10. The processor of claim 9, wherein execution of the
instruction also includes logging an associated page type and
an address of a control structure for a secure enclave.

11. The processor of claim 1, wherein execution of the
instruction also includes de-allocating a page from a secure
enclave.

12. The processor of claim 11, wherein execution of the
instruction also includes logging an associated page type.

13. A method comprising:

receiving an instruction from a guest operating within a

virtual machine, the instruction having an associated
enclave page cache address; and

executing the instruction without causing an exit from the

virtual machine, wherein execution of the instruction
includes logging the instruction and the associated
enclave page cache address.
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14. The method of claim 13, wherein logging also includes
logging an associated page type.

15. The method of claim 13, wherein logging also includes
logging a debug flag.

16. The method of claim 13, wherein logging also includes
logging an address of a control structure for a secure enclave.

17. The method of claim 13, wherein logging includes
writing to a log page in memory, wherein the address of the
log page is specified by an entry in a control structure for the
virtual machine.

18. The method of claim 17, further comprising accessing,
by a virtual machine monitor, the log page.

19. A system comprising:

a memory; and

a processor including

an instruction unit to receive an instruction having an
associated enclave page cache address; and

an execution unit to execute the instruction without
causing a virtual machine exit, wherein execution of
the instruction includes logging the instruction and
the associated enclave page cache address in the
memory.

20. The system of claim 19, wherein logging includes
writing to a log page in the memory, wherein the address of
the log page is specified by an entry in a control structure for
the virtual machine.



